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Abstract.

The temperature of the stratosphere has been measured in the Arctic vortex every 9-10

minutes along the trajectory of four Infra Red Montgolfier long duration balloons flown for 7

to 22 days during the winters of 1997 and 1999. From a number of comparisons to

independent sensors, the accuracy of the measurements is demonstrated to be _+0.5 K during

nighttime and at altitude below 28 km (10 hPa). The performances of the analyses of global

meteorological models, ECMWF 31 and 50 levels, UKMO, DAO, NCEP and NCEP/NCAR

reanalysis, used in photochemical simulations of ozone destruction and interpretation of

satellite data, are evaluated by comparison to this large (3500 data points) and homogeneous

experimental data set. Most of models, except ECMWF31 in 1999, do show a small average

warm bias of between 0 and 1.6 K, with deviations particularly large, up to 20 K at high

altitude (5hPa) in stratospheric warming conditions in 1999. Particularly wrong was ECMWF

31 levels near its top level at 10 hPa in 1999 where temperature 25 K colder than the real

atmosphere were reported. The average dispersion between models and measurements varies

from _+ 1.0 to _+3.0 K depending on the model and the year. It is shown to be the result of

three contributions. The largest is a long wave modulation likely caused by the displacement of

the temperature field in the analyses compared to real atmosphere. The second is the

overestimation of the vertical gradient of temperature particularly in warming conditions,

which explains the increase of dispersion from 1997 to 1999. Unexpectedly, the third and

smallest (_+ 0.6-0.7 K) is the contribution of meso and subgrid scale vertical and horizontal

features associated to the vertical propagation of orographic or gravity waves. Compared to

other models, the newly available ECMWF 50 levels version assimilating the high vertical

resolution radiances of the space borne Advanced Microwave Sounding Unit, performs

significantly better (0.03 _+ 1.12 K on average between 10 and 140 hPa in 1999) than other

models.



1. Introduction

Large ozone reductions have been reported in the 90's in the Arctic polar stratospheric

vortex in the winter qualitatively consistent with heterogeneous activation of chlorine on polar

stratospheric clouds (PSC) forming at low temperature. Though qualitatively generally

consistent with observations, its amplitude if often underestimated by photochemical 3D CTM

(Chemical Transport Models) particularly when the temperature is close to that of formation

of PSCs [Goutail et al. 1999, Goutail et al., 2000, Guirlet et al., 2000, Lef_vre et al., 1998;

Deniel et al., 1998, Chipperfield, 1999]. Among uncertainties suggested to explain the

underestimation, one the most sensitive is that of the temperature in the analyses of

meteorological models used to prescribe photochemical simulations. Indeed, and in contrast to

Antarctica where the temperature is persistently well below that of PSC formation throughout

the winter, the average temperature in the winter Arctic stratosphere is close to that of

formation of PSC type Ia (NAT). It drops below that of type II ice particles condensation

episodically only. The presence of PSC is thus limited in time and geographic extension.

Therefore, small errors or systematic biases in the temperature in the meteorological analyses

could lead to large errors in the predicted ozone loss in this highly non linear system. In

addition, meso-scale processes such as gravity or orographic waves not or partially captured

only by global models of limited grid size, could result in local cooling events of large

amplitude where PSC could form [Carlslaw et aI., 1998, Leutbecher and Volkert, 1996,

Di_rnback et al., 1998]. Though orographic coolings are known to occur sporadically, their

climatology and therefore their global influence on ozone destruction, is little known.

Testing the ability of a meteorological model to capture stratospheric temperature and wind

at global and meso-scales is not straightforward. Most of available radiosonde data are already



included in the initialisation or assimilation scheme of the models. In addition, they are also of

limited number in the Arctic winter for various reasons: i) reduced number of stations, recently

dropped by a factor four in Russia for economical reasons; ii) burst of balloons at low

temperature at the tropopause or little above; iii) high wind speed, which makes the balloon to

be out of telemetry range when reaching the stratosphere. On the other hand, the comparison

between various models with each other [e.g. Manney et al., 1996] highlights differences but

does not allow to decide which is better. Several studies have been carried out for evaluating

the quality of the temperature and wind of analyses of the different models, using a variety of

methods. TOVS satellite retrieved temperatures have been used by Swinbank and O'Neill

[1994] to evaluate the United Kingdom Meteorological Office (UKMO) data assimilation

model, also compared to radiososondes by Manney et al. [1996]. Radiosondes of the network

have been also used and compared to the ECMWF analyses or first guess field (the six hour

forecast from the previous analysis) assumed to be independent from errors on individual

radiosondes [Knudsen 1996a]. Finally, Pullen and Jones [1997] have been using the data set

of 28 ozonesonde stations only partially included in the network and available during the

winter of 1994195 during the European campaign SESAME, for evaluating UKMO analyses.

Alternatively the data from the few available long duration balloons flights have been also

used to carry such studies. Temperature and wind velocity measured along 1-6 day trajectories

of 8 ballast controlled balloons conducted in 1992-95 within the Polar Vortex Balloon

Experiment (POVORBEX) of the University of Wyoming, have been compared to analysis of

the European Centre for Medium Range Weather Forecasts (ECMWF) [Knudsen et al.,

1996b]. Past NASA and CNES long duration balloons at a variety of latitudes have also been

used for evaluating wind analyses and forecast in the mid-stratosphere by the UKMO and

DAO assimilation systems [Keil et al., 1999]. Finally, Knudsen et aI. [2000] have investigated



the quality of wind analyses of a variety of models in the Arctic vortex from the trajectories of

the balloons described in this paper.

From these studies and regarding temperature, it has been often concluded that a systematic

positive bias (analyses warmer than the atmosphere) existed in the models in the middle

stratosphere in the winter over the Arctic, particularly at low temperature. Its amplitude in the

UKMO model has been estimated to 1.3 to 3.7 K at T < 200K, reduced to 0.6 K if all

temperature are considered, by Manney et al., [1996] or up to 1.7 K on average at low

temperature (NAT point) by Pullen and Jones [1997]). Though of lesser amplitude, a bias of

0.6 to 1.7 K at T < 200K has been also reported in the model of NMC (US National

Meteorological Center), however of less than -0.2 if all temperatures are considered [Manney

et al., 1996]. A systematic average positive bias of 2.0 K at 30 hPa was also found in ECMWF

in the winter 1994-95 north of 60°N and of 1.8K at 50 hPa in January 1996 [Knudsen et al.,

1996a]. However, the bias in ECMWF seems to have dropped after January 1996 when

ECMWF moved from an optimum interpolation procedure to a 3-dimensional variational

scheme allowing to better combine the radiosondes and the low resolution TOVS temperature

data from the NOAA satellites [Knudsen et al., 1996a].

Another constant feature resulting from the above studies, is the relatively large standard

deviation, of 2-3 K depending on the model, in the difference between analyses and individual

sondes and increasing with altitude [e.g. ,Manney et al., 1996, Pullen and Jones 1997]. This

scatter is generally attributed by the authors to small scale vertical structures in the

temperature profdes and likely also to mesoscale orographic waves not captured by a model of

limited truncature and number of height levels.

Here we report on an experimental evaluation of the temperature of a variety of models

(ECMWF, UKMO, DAO, NCEP and its NCAR reanalyses) in the winter Arctic stratospheric



vortex from a series of data obtained from four long duration Montgolfier Infra-Red (MIR)

balloon flights carried out in 1997 and in 1999. The duration of the flights (12 and 22 days in

1997, 7 and 17 days in 1999) during which the temperature is sampled every 9 th minutes (97)

or 10th minutes (99) and the vertical excursion of the balloons allow to investigate possible

altitude dependent biases as well the cause of the dispersion.

Though the balloons were carrying several other instruments for measuring ozone, NO2,

CH4, H20 and aerosols, here we will concentrate on meteorological measurements only. But

since this is the first time MIR balloons are flown in the polar vortex, we will present first the

experimental set-up and the performances of the measurements.

The paper is organised in two sections. The first is a description of the experiment and the

flights followed by an in depth discussion of the accuracy of the meteorological measurements,

a prerequisite for looking at possible biases in the models. The second includes, after a short

description of the models, the comparison of modelled and actual temperatures in 1997 and

1999 and an analysis of the amplitude of the various terms contributing to observed

differences: altitude and temperature dependencies, long wave and mesoscale contributions.

2. Long duration balloon flights and meteorological measurements

2.1 The Infra-Red Montgoifier system



The balloon is a hot air Infra-Red Montgolfier (MIR) developed by the CNES Balloon

Division following an idea suggested by Pommereau and Hauchecorne (1979). It carried a

total payload of 50/70 kg depending on the arrangement, made of two independent packages

separated by 30/50 m: a service gondola (SAMBA) of 22 kg hosting meteorological and

balloon control measurements as well as cut down sub-systems, and a scientific payload of

20/40 kg depending on the flight (Fig, 1). The scientific payload could be either a uv-visible

SAOZ spectrometer for measuring ozone and NOz on both flights in 1997, or a combination of

a SAOZ, a tunable diode laser for measuring CH4 in situ and a Lyman alpha hyrgometer on the

first flight of 1999, or an in situ ozone semi-conductor sensor and a backscatter diode laser for

measuring PSCs in the second flight. A description of those instruments and preliminary results

could be found in Pommereau and Piquard [1994], Pommereau et al. [1997], Gamier et al.

[19991, Denis et al. [19991, Gardiner et al. [1999] and Yushkov et al. [1999]. Each gondola

had its own temperature, pressure and location measurements by Global Positioning System

(GPS) and an ARGOS transmitter for satellite data collection and Doppler location. For air

traffic safety reasons, the flights were limited to the inside of the vortex and automatically

terminated if the balloon was flying south of 55°N or below 140 hPa (13.5 km geometric

altitude in the vortex, 14.5 km standard aircraft flight level). All balloons have been launched

from ESRANGE, the facility of the Swedish Space Corporation at Kiruna in Northern

Sweden, who was also controlling the flights. Clearance was obtained from Air Traffic Control

(ATC) and defence authorities of all countries north of 55°N. A complementary control station

run by the Central Aerological Observatory of Moscow was also set at Murmansk for

controlling the flights above Russia.

2. 1. 1. IR Montgolfier



The MIR is a hot air balloon of 45 000 m 3 volume in aluminised Mylar (IR absorbent Mylar

inside, aluminium of low IR emissivity outside) for its upper part and IR transparent

polyethylene for the bottom. It is heated by the thermal emission of the earth and the

atmosphere only during night-time and additionally by the sun during the day. Though more

than 40 flights have been carried out in the tropics [Malaterre et al., 1996], it has never been

flown in the polar winter. But, since the lift of the balloon at night is directly proportional to

the difference between the brightness temperature of the surface flown over and air

temperature at flight level, it is particularly adapted to the cold winter vortex. Indeed in those

conditions the atmospheric temperature at 20 km is of the order of -80°C and that of the

ground or clouds is always warmer than -50 °, -60°C even in the coldest part of the Arctic

(Siberia, Greenland or North pole). This is more than enough to ensure a difference of 15°-

25°C between the gas and the outside and to allow the balloon to stabilise between 18 and 22

km (60-40 hPa) at night. During daytime, additional solar heating makes the balloon to ascend

to higher levels, typically around 25-27 km (15 hPa) depending on albedo and sun zenith angle.

But since this arrangement does not allow the MIR to leave the ground by itself, an initial lift is

provided by helium which result in a higher flight level during the fn'st day, at 34 km (4-5 hPa).

After two days, the helium is totally evacuated and the balloon reaches its normal hot air flight

level.

The main limitation of the system is the occurrence of warm temperature that happens

during a stratospheric warming, between February and April depending on the year. If the

temperature of the atmosphere at flight level warms up to -50 / -60°C, the difference with the

brightness temperature of the surface below could become too small in some cases (e.g. above

high and dense clouds, the Greenlandic ice cap or mountain ranges in Siberia), and the balloon

could drop to altitudes where it must be cut-down. We will see later that some significant



altitudedrops did indeedoccur and in one case,with the heavierpayload,resulted in the

terminationof theflight.

2. 1.2. SAMBA service gondola

The role of the SAMBA (Syst6me d'Acquisition de Mesures en BAllon) gondola is

threefold. It allows the monitoring of the flight (altitude, location, temperature and pressure

and IR global flux in 1999). It activates the cut-down, the strobe-light and the radar

transponder requested by Air Traffic Control (ATC) if the balloon is flying below 140 hPa or

south of 55°N. Alternatively, it terminates the flight after a given duration to allow the

recovery of the payload. The data are transmitted to the ground through the ARGOS satellite

data collection system but there is no control from the ground. All systems are run

automatically.

Location is provided by both GPS (Global Positionning System, Trimble Navigation) and

ARGOS (Doppler shift). Two Honeywell sensors of different ranges measure pressure: 0-

1000 hPa for the ascent sensor and 0-145 hPa of 1 hPa accuracy for the float sensor. They are

both temperature compensated. Ambient temperature is measured by two Veco aluminised

micro-thermistors of 250 pm diameter mounted on 1 m long booms deployed a little after

launch on each side on the gondola. The thermistors are calibrated in a cold chamber between

170K and 320K, with an accuracy of _+0.5K given by the manufacturer of the chamber. All

parameters are sampled regularly every 9 minutes (10 minutes in 99). The ARGOS system is

particularly efficient at high latitude since 26 to 28 satellite overpass can be expected per day,

though it is still limited at 120 kbits/day at best.

Two cut down systems made of independent actuators and pyrotechnic knives are used in

parallel. A pressure sensor mechanically actuates the first if the balloon is reaching 140 hPa.



An on-board CPU actuates the second from information given by the GPS, if south of 55°N or

if the geometric altitude is lower than 13.5 km (aircraft standard level of 14.5 km or 48 kft) or

after a given maximum duration fixed before the flight. Termination is commanded following

two modes. First, the detection system is activated after x days, but cut down occurs only

when the balloon is reaching a pre-determined area where recovery is possible (Scandinavia or

European Russia). Second, the flight is terminated in all cases after (x + 8) days, the absolute

limit defined by the power capacity of the lithium batteries. Since it was the first time such

flight was attempted in the winter in polar areas, x was set at 12 days for the first balloon in

1997 and 20 days for the others.

The total weight of the SAMBA payload, including lithium batteries, is 22 kg for a

maximum autonomy of about 30 days.

2. 1.3. Meteorological measurements onboard the scientific gondola

In addition to instruments measuring ozone, chemicals or tracers, the scientific payload

carries also a set of meteorological sensors: pressure, temperature and location / altitude by

GPS of Trimble Navigation. Meteorological sensors are those of a Va'fsala RS-80 radiosonde

[temperature of 0.2°C (1 s.d.) repeatability and 2.5 s time constant; pressure of 0.5 hPa (1

s.d.) repeatability according to the manufacturer]. Capacitive measurements relative to a

reference capacitor and temperature compensation are handled by the standard Va'fsala ground

software installed permanently into the on-board CPU. Calibrations are those of the

manufacturer updated in the on-board CPU and adjusted by comparison with the

measurements of a meteorological station prior to launch, following the recommendations of

the manufacturer. For the first flight in 1997, the sensors were mounted on the side of the



gondola as for short duration balloon flights. But since this arrangement proved to be noisy at

float at constant level, a l m long boom was added for the following flights.

The scientific gondola has its own ARGOS transmitter and is powered by lithium batteries

only. For power saving, the number of measurements is limited to a hundred per day. The

CPU and all the sub-systems, but the transmitter and its memory, are switched off and awaked

by a micro-controller when needed only. Since the main objective is to measure profiles by

solar occultation at sunset and sunrise or during the descent / ascent of the balloon, the 100

data points are not equally distributed during the day. Most of them are concentrated during

twilight. Otherwise during day and night, the measurements are limited to one reading every

1.5 hours. The temperature and pressure sampling of the scientific gondola is thus limited.

2. 1.4. Flight train and additional radiosonde

The flight train of the two balloons flown in 1997 and distances between the various

elements are shown in figure 1. The SAMBA gondola bearing pressure, temperature and

location measurements is hanging 8 m below the bottom of the balloon and the scientific

payload 46 m below. An additional autonomous Vaisala RS-80 radiosonde of limited lifetime

(3h) was attached at the bottom of the flight train for consistency checks of pressure and

temperature during the initial night-time ascent. The total weight carried by the balloon was of

46 kg.

The experiments flown in 1999 were a little different. The first was carrying the same

SAMBA service payload but a more complex and heavier scientific payload for a total of

71kg. The second was carrying a SAMBA payload only onto which the ozone and PSC

sensors were hosted and thus the total weight was reduced to 45 kg. Both flights were

carrying also the additional radiosonde active during the first 3 hours.



The arrangement,list of scientific instruments,weight and flight information are

summarisedin table 1.

2. 2 Balloon flights

Because of the automatic cut down of the balloon south of 55 ° N and also the need for low

temperature for the MIR to fly efficiently, it was decided that the launch could take place in

the vortex only. In addition, since solar occultation measurements as well as daytime ascent

of the balloon require some sun, it was decided not launch prior the 15th of February. Four

flights have been carried out : two in 1997 and two more in 1999.

2. 2. 1. 1997flights

The vortex was exceptionally strong, cold and long lasting in 1997 since it did not break

before mid April [Coy et al., 1997, Naujokat et al. 1997]. Figure 2 shows PV and

temperature maps at 475K isentropic level calculated from ECMWF analyses at the beginning,

the middle and the end of the flights. The location of the balloon on that day is shown by a

cross. In 1997, the vortex remained almost circular and centred around the pole until spring

with a temperature pattern very similar, the minimum temperature being co-located with the

centre of the vortex.

The first launch opportunity occurred on February 24 th when the vortex drifted above the

station. The balloon trajectory, its altitude, atmospheric temperature, PV at and orography

475K at the location of the balloon location, are displayed in figure 3. PV is compared to the

inner and outer edges of the vortex calculated following to the method suggested by Nash et

al. [ 1996]. Since the sampling period is of 9 min and the average speed of the balloon of 24

m/s, the measurements were repeated every 13 km on average.



Thelaunchtook placein theeveningsoasto reachfloat at 34km beforesunrise.The flight

lastedfor 12calendardays(16 flight daysand 17nights)until March9thwhenprobablyan

erroneouscut-downorder wasdeliveredby the CPU aboveGreenland,althoughit should

havewaitedfor flying over Scandinaviafor beingactuated.The balloonremainedinsidethe

vortex at almostconstantPV at latitudehigherthan60°N during its threeturns aroundthe

pole.Afteroneandahalf dayandthelossof additionalhelium,thedaytimeflight levelbecame

stableat about25-26km (13-18hPa).Duringnight-time,it variesfrom 20-22km (30-45hPa)

at coldtemperature(-75°, -80°C)to 14.5km geometricaltitude(108 hPa)attwo occasionsat

warmertemperature(-65°) abovetheBaffinseaandsouthernGreenland.

Thesecondattempttook placeon theMarch 17 th. The balloon was launched at the inner edge

of the vortex. It lasted in flight for 22 calendar days (26 flight days, 27 nights) until its

automatic cut down above Scandinavia after 5 turns around the pole. The instrument landed

safely on April 8 th near Trondheim in Norway where it was recovered on the following day.

The trajectory and altitude of the balloon, air temperature, PV at 475 K and ground altitude

are displayed in the right panels of figure 3. On average the daytime altitude was a little

higher (26-26 km) than during the first attempt because of the higher sun and therefore the

larger contribution of albedo during daytime. In contrast, the night-time altitude was lower,

often around 17 km, because of the warmer stratosphere. The trajectory was almost circular

and fast (38 m/s on average), excepted at the end of the flight when the balloon drifted to the

inner edge of the weakening vortex.

The SAMBA gondola performed well, excepted the unexpected cut-down after 12 days,

although there was no reason clearly identified for that. All meteorological sensors performed

well throughout the flight.



Figure 4 (top) showstheevolutionof thetemperaturemeasuredat nightduringboth flights

from February24thuntil April 4'hand at bottom the altitudeprofile. On average,the lower

stratospherewasobservedto warmupprogressivelyfrom 193K to 215 K during the period

with a sharpaltitudeminimumshiftingfrom 30hPaatbeginningof theperiod to 50-60hPaat

theend.Thetemperatureremainedrelativelyhomogeneousin thevortex.The amplitudeof the

temperaturemodulationbetweenonesideandtheotherof thevortexdid notexceeded10K.

2.2.2. 1999flights

Totally different was the meteorology of 1999 when the vortex was already weak and

relatively warm in mid-February and warmed up and split rapidly in early March [Naujokat,

2000]. Figure 5 shows the evolution of the vortex and the temperature field at 475 K of the

ECMWF analyses et beginning, middle and end of the flights. By mid-February, the vortex was

already elongated with a cold centre on the European side and warmer air on its Siberian side.

It split in two parts in late February which moved to rapidly to mid latitudes. A warm

anticyclonic area developed over the pole and the circulation reversed (easterlies) at the end of

February.

Since the forecast was not promising, it was decided to launch the two balloons close

together on two successive days, on the 18 th and 19 'h of February. Figure 6 shows the

trajectory and altitude of the balloons, air temperature, PV at 475K and the altitude of the

ground below the balloon. After a fast turn into the small vortex, the second being a little

deeper inside, the two balloons drifted slowly toward Eastern Siberia in a warm stratosphere

area over a cold mountain range. The first was cut down after 7 days calendar over the

Siberian mountain range when reaching its minimum permitted altitude immediately before



sunriseon the24_hof February.A modelof flight adjustedonobservedparametershasshown

thattheballoonwouldhavesurvivedwith apayloadof 60kg insteadof 71 kg [Gamier et al.,

1999]. Since these conditions were the worst, which could be expected in the Northern

Hemisphere, 60 kg appears a reasonable weight for a 45 000m 3 volume MIR to survive in all

conditions in the winter vortex. The lighter second flight survived and returned backward to

Scandinavia and Canada when the wind direction reversed in the Arctic after the warming of

the stratosphere. It was automatically cut-down when reaching the latitude of 55°N off the

Labrador coast when the vortex vanished on the 8 th of March after 17 days of flight where it

was lost.

Among meteorological sensors, three incidents have been reported:

i) One temperature failed (T1) in the first flight since the boom did not deployed correctly. It

will not be further used.

ii) Both temperatures in flight 2 were found shifted by the same amount (approx. + 3K)

compared to the ascent radiosonde, to the temperature of the scientific gondola as well as to

independent radiosondes when flying around Yakutsk. The reason for that is that the

thermistors flown were not that calibrated together with the SAMBA electronics recovered

after an unfortunate previous launch attempt during which the thermistors were broken. The

onboard conversion algorithm was therefore wrong. Since the difference was found identical

for both thermistors and consistent with three independent data sets, a quadratic correction

was calculated and applied uniformly to both sensors.

iii) The Honeywell float pressure sensor of MIR 2 drifted by some 10 hPa within 17 days

probably because of a leak in the sensor, which did not appeared during the tests at ground.

Since the measurements cannot be reliably corrected, they have been replaced by ECMWF



pressureat altitudemeasuredby theGPSof- 100m accuracyasdescribedin Knudsenet al.

[20001.

Figure 7 showsthe evolutionof the night-timetemperaturerecordedduring both flights

andits altitudeprofile.The altitudeof the temperatureminimumwasunusuallyhigh(20hPa)

at the beginningof the flightswith a steepgradientabove.During the next two weeks,the

warmingshiftedrapidlydownwardsto endupwith a minimumtemperatureat 80hPaby the

end of the period.The steepgradientis the causeof the large temperaturedrop at the

beginningof eachnightafterday54duringthedescentof theballoonin theupperpanel.

2. 3 Accuracy of meteorological measurements

Since the objective is to compare meteorological data recorded on-board the balloons to

models, the accuracy of the measurements needs to be carefully assessed.

GPS location and geometric altitude transmitted by the two independent gondolas of

+ 100 m accuracy according to the manufacturer, were indeed always found consistent with

each other within the specification. The GPS location was always found also consistent with

the ARGOS Doppler readings though the latter are less precise (between 500 m to 3 km

depending on the viewing angle of the satellite), and the altitude with the geopotential height

of the radiosonde. There is therefore no reason for questioning the accuracy of location and

altitude of- 100 m given by the GPS manufacturer.

In contrast, pressure readings are found much less accurate than anticipated. An average

bias of up to -2 hPa is reported between Honeywell and Vaisala sensors, and in addition there

is a systematic difference of 2-3% between readings during the morning ascent and the evening

descent compared to pressure calculated from GPS latitude. This is indicative of a hysteresis in

the Honeywell pressure sensors, usually vibrated in short duration balloon flights but not here



becauseof power limitation.On average,andignoringthe leakof the sensorof MIR 99 # 2

alreadyindicated,theaccuracyof thesensorsisof- 2 hPawith a repeatabilityof_ l hPa.

Temperaturemeasurementsaredifficult on balloonsat float becauseof the drop of forced

convectioncomparedto IR andsolarheating,perturbationwhenin the wakeof the gondola,

Jouleheatingof thethermistor,andin thecaseof ARGOS,transmissionerrors.An ideaabout

the precisioncould be obtainedby comparingthe simultaneousmeasurementsof the two

thermistorsat oppositesidesof thegondola.In turns,theaccuracycouldbecheckedby three

independentmethods,all relatedto radiosondes:i) comparisonwith theadditionalradiosonde

during the initial ascent;ii) comparisonalong the flight with the low samplingrate Vaisala

Thermocapon-boardthe scientificpayload,and iii) comparisonwith the radiosondesof the

GTSnetworkwhentheballoonispassingcloseto anupperair station.

2. 3. 1. Comparison between T1 and T2 on-board the same gondola

The two thermistors T1 and T2 on the SAMBA payload are in principle identical and their

measurements independent and simultaneous. The comparison of their readings along the

flights offers then a good indicator of the precision and repeatability of the measurements.

Figure 8a shows the difference between T1 and T2 during the 17 days of the MIR 2 flight in

1999. On average, T1 is warmer by 0.39 K but the difference also shows a large dispersion of

-4- 1.97 K (1 s.d.). Figure 8b shows the same data plotted vs SZA (Sun Zenith Angle). It is

obvious that the measurements are more dispersed during daytime. If the data set is split into

day and night (SZA>93 °, approximately the moment of sunset when the balloon starts to

descend rapidly in the evening), the difference becomes 0.29 _+ 2.97 K during daytime and

0.46 _ 0.30 K at night.



The measurementsare8 timesmoredispersedduringtheday.They arelargely perturbed

at high altitudearound15hPawhenin the wake of the slowly rotating gondolawhen the

thermistorsarealternativelypassingin the lee of thepayload.Indeedthe aluminisedskinof

the gondola is stronglyheatedby the sun (more than 100°Caboveambiant).Ideally the

themistorsshouldbemountedfar from thepayload.But therisk is then to breakthemduring

launchoperations.Perhapsthe best would be to have both systemsin the flight train.

Meanwhile,for theabovereason,all daytimemeasurementswill be ignoredin thefollowing.

Note thatthecriteriaof SZA>93° impliesthatdescentdatain theeveningwill bekeptbutnot

thatof themorningascentaftersunriseby definition sinceit is theresultof solarheating.

Another aspectof the noise of the measurementsis the altitude dependenceof the

dispersionof the night-time data shown in figure 8c. The dispersion of the difference

increases with altitude because of the drop of convection. Even at night at 3.4 hPa during the

first 24h of flight and at 15 hPa on the second day, temperature measurements are difficult. If

the two first nights are ignored, the average dispersion at pressure larger than 20 hPa drops to

+_ 0.30 K. Similar analyses have been conducted for all flights, the results of which are

summarised in table 2. On average, at night and below the 20 hPa level (26 km), the

dispersion of temperature measurements is of the order of - 0.4 K which includes thermal

perturbation as well a telemetry errors since the ARGOS system is not free of such errors.

2. 3.2. Comparison to additional radiosonde during initial ascent

As already said, a RS-80 radiosonde was added to the flight train for comparison during the

first night-time ascent. For three hours, the sampling rate of the two thermistors of the

SAMBA gondola was also accelerated to 1/50s transmitted to an ARGOS ground receiver

when still in the telemetry range. As an example, the difference between T2 and the reading of



the Vaisala Thermocap sensor of flight #1 in 1999 is shown in figure 9. The picture is typical

to what is observed on all flights: i) a significant systematic bias of about 1K in the steep

tropospheric temperature gradient due to the difference of time constant between the pressure

and GPS altitude sensors; ii) an almost constant difference with relatively little dispersion

(_ 0.21 K in present case) in the small stratospheric temperature gradient up to 28-30 km

(10 hPa); iii) an increasing difference and a larger dispersion above when the sensors are much

less ventilated (large Thermocap sensor warmer than thermistors).

2. 3. 3. Comparison to low sampling rate SAOZ Vaisala Thermocap

Though of faster sampling rate, thermistor measurements could be also compared to those

of the Va_'sala Thermocap sensor of the scientific payload throughout the whole night in 1997

but at twilight only in 1999. As an example, figure 10 shows the difference between night-time

T1 and TsAoz during the 22 day flight of MIR#2 in 1997. On average, the difference is of +

0.15 + 0.61 K. Similar results have been obtained on MIR#1 in 97 but more dispersed (0.39

_ 2.3 K) because of the bad mounting of the SAOZ sensor too close from the gondola. Similar

also is the figure for MIR#2 in 99 (0.55 -+ 1.2 K) but still dispersed in that case because

twilight measurements were available only on the SAOZ payload. There was no independent

scientific gondola on MIR#2 in 99.

2.3. 4. Comparison to radiosondes of the network

The MIR temperature readings have been also compared to the closest radiosonde data

when the balloon is passing near a station of the network. Selected stations from which full

ascents data have been obtained are: Sodankyla in Finland, Thule and Scoresbysund in



Greenland, Ny-Alesund in Svalbard and Yakutsk in Eastern Siberia. However, co-locations are

infrequent and in addition the altitude range of overlap is limited because of the burst of the

radiosonde balloon. Thirteen data points have been obtained only for the two flights of 1997

together within a distance of 1500 km. Though the dispersion is quite large (-0.04 _ 2.58 K),

no significant departure appears between the two sets of data and more important, no sign of

temporal drift. If the distance is restricted to 500 km the number of co-locations drops to 5 but

the result (0.87 _ 2.07 K) is very similar. A better comparison was reached in 99 with the

radiosondes of Yakutsk, when the two MIRs were travelling around the station for 2-3 days.

Figure 11 shows the comparison of the Russian radiosonde at Yakutsk on the 26 th of February

1999 and the MIR measurements. In the altitude range of 13-18 km where they do overlap

(most of soundings at Yakutsk stop at 18 km), the difference does not exceed 0.6 + 0.5 K.

The figure for the first MIR (0.3 _+0.6 K) is very similar.

2. 3. 5. Summary. of temperature accuracy

The information available from all previous comparisons is summarised in table 3. Overall,

it can be concluded that, night-time temperature measurements at levels below 28 km (10 hPa)

are consistent to within the _+ 0.5 K accuracy given by the sondes manufacturers and

calibrations in the laboratory. On average, the dispersion of the measurements in flight is of

the order of-+ 0.4 K. However, these figures degrades above 28 km where an accuracy of

+_2 K only would be more appropriate, though the error could be due also to the radiosonde

itself.



2. 4 Concluding remarks

Four MIR have been successfully flown in the Arctic vortex in the winter demonstrating

that this type of vehicle is well adapted to this use even during a stratospheric warming event,

providing the total weight of the payload does not exceed 60 kg for a volume of 45 000 m 3.

It appears that the most difficult constraint to accommodate is the limitation of 55°N since the

vortex frequently extends to this latitude in the Northern Hemisphere. An option could be to

launch the balloon deeper in the vortex but this will require launch operations to be

conducted at higher latitude, since the site of ESRANGE is infrequently located in the middle

of the vortex.

A variety of meteorological measurements has been conducted along the flights. GPS

location and altitude are found to be accurate within the specification of _+ 100 m of the

manufacturer. The accuracy of pressure measurements is little worse than expected (_ 2 hPa)

largely because of the time constant of the sensors. One pressure sensor completely failed but

could be satisfactorily replaced by the conversion of GPS altitude into pressure using a

meteorological model. Temperature was demonstrated to be measured with an average

precision of - 0.4 K and an average accuracy of _+0.5 K, but during night-time and at altitude

below 28 km only. Daytime temperature measurements are less reliable because of the

thermal perturbation when in the wake of the gondola. Improvement would require

temperature sensors far from other equipment but in turns risky to launch. Measurements at

high altitude at float, even at night, are much more difficult. No satisfactory design has been

suggested up to now. In the following, night-time temperature data will be used only.



3. Evaluation of temperature in numerical prediction models

Temperatures recorded during the four MIR flights in the winter Arctic vortex, have been

compared to those of a variety of models in use in photochemical simulations of ozone loss.

The analyses evaluated are: ECMWF (European Centre for Medium Weather Forecasts),

UKMO (United Kingdom Meteorological Office), DAO (Data Assimilation Office) of NASA,

NCEP (National Climatic Prediction Centre) and REA (NCEP/NCAR reanalysis).

3.1. Description of the models

ECMWF analyses available in 1997 were those of the 31 level 3D variational data

assimilation model in operation since January 1996 (see Knudsen et al., 2000). The number of

vertical layers is 31 from the ground to l0 hPa, (near 10, 30, 50, 70, 90, 1 l0 and 130 hPa in

the stratosphere). The data used are those of six hourly analysis of T106 truncation

corresponding to a 1.125 ° latitude-longitude grid. For 1999, two versions of ECMWF are co-

existing: the same 31 levels version but augmented since November 1997 to a 4-D assimilation

scheme, available at the time of the balloon flights, and pre-operational runs of the new 50

levels version, available later in May 1999. This new version extends to 0.1 hPa with a level

spacing of about 1.5 km throughout the stratosphere. The 50 levels version, called later

ECMWF50, includes for the fn'st time the assimilation of the high vertical resolution radiances

of the space borne Advance Microwave Sounding Unit (AMSU) [ECMWF, 1999].

UKMO is the UK Meteorological Office stratospheric data assimilation system using the

Analysis Correction scheme in which observations are gradually inserted [Swinbank and

O'Neill, 1994]. The model has 42 levels up to 0.28 hPa and a horizontal resolution of 2.5 °



latitudeby 3.75° longitude.The datausedin this studyarethoseproducedfor the UpperAir

ResearchSatellite(UARS)project.The analysesare interpolatedto the 22 UARS standard

pressurelevels(10, 15,22, 32, 46, 68 100 and 147hPalevelsin this study). Note that the

UKMO verticalresolutionis better above30 hPathan that of the ECMWF31 operational

modelandNCEPdescribedbelow.Theanalysesareavailableat 12UT only.

The DAO (dataassimilationoffice) at GSFC producesstratosphericdata assimilation

analyseswith 2° latitude by 2.5° longitude resolution (GEOS1). The observationsare

graduallyinsertedusingtheincrementalanalysesupdatescheme[Schubertet al., 1993]. The

model has 46 levels up to 0.4 hPa of which 10, 30, 50, 70, 100, and 150 hPa are use here. The

analyses are produced every 6 hours.

The NCEP model of the US Climate Prediction Centre provides temperature and

geopotential heights on pressure surfaces from 70 to 0.4 hPa on a 65 x 65 polar stereographic

grid interpolated to 5 ° longitude by 2 ° latitude. The levels used here are 10, 30, 50, 70, 100

and 150 hPa. The analyses are calculated by the successive correction method and include

radiosondes and SSU satellite data. At 100 hPa and below the analyses are those of the T126

Global Data Acquisition System model. The NCEP analyses are available at 12 UT only (see

Knudsen et al 2000).

The NCEP/NCAR reanalyses are available since 1956 [Kalnay et al., 1996]. They are

produced from the same model as the NCEP analyses except that derived satellite

temperatures are used instead of raw radiances. The analyses are made in 2.5 ° latitude-

longitude grid and have X? levels up to 10 hPa of which 10, 30, 50, 70, I00, and 150 hPa are

used here. They are available for every 6 hours.

In the following, all fields are interpolated in space and time by a linear procedure (log-

linearly in pressure).



3. 2 Biases

Thealtitudedependenceof thedifferencebetweenmodelledandactualtemperaturesfor all

flights in 1997and 1999aredisplayedin figures 12 and 13. The corresponding average

differences and standard deviations calculated between 10 and 150 hPa are shown in table 4.

Except for ECMWF, the features are very similar from one year to the other, but the

amplitude of the dispersion, much larger in 1999. All models do show a more or less

significant but always positive average bias varying from 0.03 K (ECMWF50 in 1997) to 1.54

K (DAO 1999) and 1.60 K (NCEP 1999). The bias is larger during the stratospheric warming

period of 1999 than in the stable winter of 1997 but it is also altitude dependent. It increases at

higher altitude in the mid-stratosphere. UKMO, DAO and REAN do show a positive bias of 3-

5 K around 10-15 hPa in 1997 and 1999 as well as NCEP in the second year. The difference

increases to 20 K at 5 hPa in 1999 though these figures could not be generalised since they

correspond to a single day at the beginning of the flights as explained earlier.

In contrast, the difference with ECMWF31 varies from 1997 to 99. The bias is insignificant

in 97 but of up to -20 K near the top of the model near 10 hPa. These low temperatures in the

middle stratosphere were a permanent feature of ECMWF analyses and forecast during the

winter of 1999. Often the model was predicting unrealistic temperatures lower than 173 K.

This could be due to the coarse vertical resolution of satellite based temperatures which could

easily give a wrong temperature at 10 hPa, when the coldest temperatures are at 20 hPa. It

must be recalled also that the 97 and 99 versions of ECMWF31 are different, the first being

using a 3-D variational assimilation scheme and the second a 4-D. Compared to this, the pre-

operational ECMWF50 shows no bias even at high altitude in contrast to all other models.



3.3 Dispersion

The averagedispersionin eachcaseis summarisedin table 4. Except for NCEP, it is

generallylargerin 99 thanin 97.UKMO showsthesmallestof- 1.40K in 97, whileNCEPis

thebestoperationalmodel(+_1.80K)in 99.Thedispersionof 1.12K of thenewECMWF50in

99 issignificantlybetterthanthatof theothermodelson thesameyear.

Thevariouscausesof dispersioncouldbe identifiedin thetime seriesshownin figures 14

and 15.The relativelylargerdispersionof DAO, REA andUKMO in 1999is largelydue a

strongerverticalgradientof temperaturewhichcanbeseenduring thedescentof theballoon

at the beginningof eachnight on the threemodelsbut of smalleramplitudein NCEP and

ECMWF31and50. Thefirst threemodelsoverestimatethetemperaturegradientthat is the

warmingof the stratospherefrom above.Another contribution, which can be easily seen on

both years, is the long wavelength signal of _+2-3 K amplitude. In contrast to the previous, it

is larger in NCEP and REA than in UKMO, ECMWF31 and DAO and even smaller in

ECMWF50. But though often in phase between models (e.g. in 1997), it could be also in

opposite phase (e.g. NCEP and REA in 99). In order to investigate if a systematic

temperature dependence (e.g. model warmer or colder where it's warm or cold) could be

responsible for that, a correlation study has been performed. Table 5 shows the slope of the

regression line between the difference of temperature and the temperature for the various

models. The correlation is generally significant. The largest is the negative one in REA in

1999, which could be easily seen on figure 15. Therefore the long wave signal seems to be

more related to horizontal displacements in the temperature field (e.g. larger or displaced

vortex) than to a systematic amplification or reduction of temperature.

Another contribution suspected in the past to be the main reason for the dispersion in the

difference between models and actual temperature, is the impact of vertical features of small



scalecomparedto the coarsevertical resolutionof the modelsor causedby the upward

propagationof orographicor gravity wavesof horizontalscalesmallthan their horizontal

grid..Figures 16 and 17showthedispersionof the differencebetweenECMWF31in 97 or

ECMWF50in 1999and MIR temperaturesin referenceto the averagecalculatedfor each

night.Sincethehorizontaldisplacementof theMIR ismostof thetime largerthanthegrid of

the models(up to 1500km in 1997duringa singlenight) andthe verticalexcursioncovers

severalmodellayers,it providesa goodestimateof the impactof sub-gridscalefeatures.The

averageamplitudeof the1s.d.dispersioncomparedto thelow verticalresolutionECMWF31

variesfrom _+1.16K duringthefirst flight of 1997to + 0.93 K in the second in 1997. It does

not significantly improve (+ 0.97 K on average) in 1999 in ECMWF50 even though the

spacing between levels is reduced to 1.5 kilometres. Though cases of lee waves of _ 2.5 K

amplitude have been positively identified above the Ural or the Siberian mountain ridge

associated to fast surface west wind [Pommereau et al., 1999], all attempts to correlate

statistically the variance to orography failed. Since the dispersion of the measurements

themselves was demonstrated to be at least of the order of _+ 0.4 K, the contribution of small

scale horizontal and vertical features and vertical gradient errors do not exceed 0.8 - 0.9K on

average if a quadratic summation is assumed. This figure is consistent with the drop of

dispersion from 1.2 K to 0.7 K after day 56 in figure 17, when the balloon was returning to the

Northern Atlantic in easterlies when gravity waves cannot propagate upwards.

3.4 Concluding Remarks

For the first time, a large (1617 points in 1997 and 1861 in 1999) and homogeneous data

set of temperature measurements spanning over a broad altitude range from 10 to 140 hPa

was collected in the winter Arctic vortex. When compared to this, meteorological models do



alwaysshowapositivebias,smallandlittle significantin stablevortexconditionsas in 1997,

but of larger amplitude in stratosphericwarming conditions,where all models,UKMO,

DAO, NCEP and NCEP/NCARreanalysis,exceptECMWF50, overestimatethe vertical

gradientof temperature.In thoseconditions,theECMWF 31 levels4-D variationalscheme

did particularly wrong nearits top level of 10hPa in 1999where it frequently generated

temperature25K belowthatmeasured.

Thedifferencebetweenmodelledandmeasuredtemperaturesdoshowadispersionof 1.4-

2.0 K in 1997increasingto 1.8- 3.0 K in 1999,exceptagainECMWF50which displaysa

dispersionof + 1.1 K only in 1999. The largest contribution to the dispersion is due to a long

wave modulation of the difference likely caused by a horizontal displacement or deformation

of the analysed temperature field compared to the reality. Most of the increase in dispersion

from 1997 to 1999, results from an overestimation of the steep temperature gradient in

stratospheric warming condition. Though suggested in the past to be the major cause of

dispersion, meso- and small scale features in the horizontal and vertical temperature field,

contribute for a relatively small part (0.8-0.9 K).

The new 50 levels version of ECMWF is found to perform better than all other models in

both bias, vertical gradient and displacement of horizontal field. But although the vertical

spacing between levels has been largely reduced in the stratosphere, the small scale

dispersion do not improve significantly compared to the older 31 levels version. Most of the

improvement in temperature as well in wind as suggested by Knudsen et al. [2000], in

addition to the higher top level, could likely result from the assimilation of the high vertical

resolution of radiances of the Advanced Microwave Sounding Unit (AMSU).
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Flight Instruments Launch Dur. Weight Cut down

97-I P, T, GPS 24 Feb 12 d. 60 kg Erroneous order

SAOZ 03 and NO2 profiles

97.2 P, T, GPS 17 Mar 22 d. 60 kg to enable recovery

SAOZ 03 and NO2 profiles

99.1 P, T, GPS, Global IR radiometer 18 Feb 7 d. 71 kg P> 140 hPa

SAOZ 03, NO2, OCIO profiles

TDL (CH4), H20 Lyman alpha

P, T, GPS, Global IR radiometer

Backscatter diode laser, 03 in-situ

99.2 19 Feb 17 d. 45 kg Lat. < 55°N

Table 1. Summary of MIR flights in 1997 and 1999

97.1 97.2 99.1 99.2

T1-T2 night - 0.3 __0.9 K + 0.59 _ 0.43 K NA + 0.46 _.+0.30 K

Table 2. Difference and standard deviation of nighttime and P>20 hPa simultaneous

temperature measurements on-board the same gondola on 1m long booms 180 ° apart.



97.1 97.2 99.1 99.2

T2-asc. sonde +0.01_+0.55 +0.32_+0.45 +0.01_+0.12 0.15_+0.25

T2 -Tsci - 0.39_+2.30 - 0.15_+0.6 - 0.55_+1.20 NA

T2- network -0.04 -+2.6 + 0.60-+0.5 0.3 -+0.6

Table3. TemperaturedifferenceandstandarddeviationbetweenT2 on one hand,theascent

sonde,thescientificpayload,andthesondesof thenetworkon theother.

ECMWF31 UKMO DAO NCEP REA ECMWF50

19970.30-+1.45

19990.59_+5.38

0.42-+1.40 0.65-+1.74 0.06-+1.87 1.15-+2.03 NA

1.45_+2.48 1.54_+2.80 1.60_+1.80 1.33_+2.98 0.03_+1.12
Table4. Averagetemperaturedifference(model-MIR) and standarddeviation(P>10 hPa
only).

ECMWF 31 UKMO DAO NCEP REA ECMWF50

1997 -0.01_+0.006 0.02_+0.006 0.01_-'--0.007

1999 0.31-+0.027 0.00-_.011 -0.03_-+0.012

0.07-+0.007 -0.012_+0.007 NA

0.03_-_-__.008-0.230-+0.0140.02-+0.005

Table5. Slopeof correlationlinebetweendifferenceof temperatureandactualtemperature



Figure Captions

Figure 1. Schematic of the IR Montgolfier system. The SAMBA service payload hanging 8 m

below the bottom of the balloon, carries two temperature micro-thermistors mounted on 1 m

long booms, 2 pressure sensors and a GPS. The scientific gondola 46 m below also carries

pressure and temperature Vaisala sensors. An additional conventional RS-80 Vaisala

radiosonde, but of 3h duration only, is added at the bottom for pressure and temperature

consistency checks during the initial night-time ascent. Other sub-systems are from top to

bottom: two independent cut-down mechanisms activated by a pressure sensor or by the CPU,

a parachute, a radar transponder and a strobe light, all active during the initial ascent and final

descent only and a radar reflector.

Figure 2. ECMWF Potential Vorticity and temperature fields at 475K at beginning (Feb

24th), middle (March 17th) and end (April 8 th) of the balloon flights period in 1997. The cross

represents the balloon location on that day.

Figure 3. Left : sixteen days (12 calendar days) trajectory, altitude, PV at 475 K, temperature

and orography during the first flight starting at Kiruna on February 24 th and ending over

northern Greenland on March 7th (night-time solid line, daytime dotted). Right : same for the

twenty six days (22 calendar days) second flight starting on March 17 th at Kiruna and ending

above the western coast of Norway on April 8th.

Figure 4. Time evolution (panel a) and vertical profile (panel b) of temperature measured at

night by the balloons in Feb-April 1997. Though progressively warming from 195 to 215 K,

the vortex remained relatively homogeneous during the 45 days. The amplitude of temperature

change between the warm and cold sides of the vortex did not exceeded 10K. The altitude of

the temperature minimum drifted slowly downward from 40 to 60 hPa.

Figure 5. ECMWF50 PV and temperature field at 475K and location of balloons at the

beginning, middle and end of balloon flights in 1999. Already elongated in mid-February, the



vortexsplit into two piecesdrifting rapidlytowardsmid-latitudein earlyMarch.By that time

thewarmerareawaslocatedoverthepoleandthecirculationreversed.

Figure 6. Trajectoryof balloons,altitude,air temperature,PV andorographyin 1999(Left

MIR 1; Right: MIR 2).

Figure 7. Sameasfigure4 but for 1999.In contrastto 1997,the altitudeof thetemperature

minimumshiftedfrom anunusuallyhighaltitude(20 hPa)in mid-Februaryto 50hPaduringthe

warmingof the stratosphereby the end of February.The warming resulted in a steep

temperaturegradientwhichcanbeseenin thetemperaturemeasurementsduring thedescentof

theballoonin theeveningof dataafterday54 in theupperpanel.

Figure 8. (a) Differencebetweentemperaturemeasuredsimultaneouslyon-boardthe same

gondolaby thetwo thermistorsof MIR #2 in 1999;(b) Differenceof temperaturemeasuredat

P>10hPaversusSolarZenithAngle(SZA); (c) Altitude dependence of the dispersion of the

nighttime temperature measurements.

Figure 9. Difference of temperature measured during the initial ascent by a thermistor (T2)

and the radiosonde on MIR #2 1999.

Figure 10. Difference between temperature measured at night along the second MIR flight in

1997 by the thermistor (T2) and the Vaisala Thermocap sensor of the scientific gondola.

Figure 11. Comparison of MIR#1 T2 readings (dots) during the final descent of balloon on

February 26 _' 1999 and the nearby radiosonde temperature report (line) at Yakutsk in Siberia.

Figure 12. Difference of temperature between model analyses and MIR temperature in 1997.

Figure 13. Same for 1999 (Note the increase of range of horizontal axis compared to figure

12.



Figure 14. Time evolution of the temperaturedifference(model-measurements)in 1997.

Alsoshownin thelowerpanelis thetemperaturealongtheflights.

Figure 15. Samefor 1999.Thelargestdifferencesat the highestlevels(fig. 13)do not fit

into theplot.

Figure 16. Meso and small scale contribution in 1997. Panel (a): dispersion with respect to

the average for each night; (b) daily average standard deviation; (c) orography along the

balloon trajectory.

Figure 17. Same for 1999.
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